Background: Artemin is a cancer stem cell (CSC) and metastatic factor in mammary carcinoma. Results: Artemin promotes trastuzumab resistance by enhancing the cancer stem cell-like population in mammary carcinoma. Conclusion: Artemin mediates acquired resistance to trastuzumab in mammary carcinoma. Significance: Functional antagonism of Artemin may enhance trastuzumab sensitivity and reverse acquired resistance to trastuzumab in mammary carcinoma.
Previous studies have demonstrated that Artemin (ARTN) functions as a cancer stem cell (CSC) and metastatic factor in mammary carcinoma. Herein, we report that ARTN mediates acquired resistance to trastuzumab in HER2-positive mammary carcinoma cells. Ligands that increase HER2 activity increased ARTN expression in HER2-positive mammary carcinoma cells, whereas trastuzumab inhibited ARTN expression. Forced expression of ARTN decreased the sensitivity of HER2-positive mammary carcinoma cells to trastuzumab both in vitro and in vivo. Conversely, siRNA-mediated depletion of ARTN enhanced trastuzumab efficacy. Cells with acquired resistance to trastuzumab exhibited increased ARTN expression, the depletion of which restored trastuzumab sensitivity. Trastuzumab resistance produced an increased CSC population concomitant with enhanced mammospheric growth. ARTN mediated the enhancement of the CSC population by increased BCL-2 expression, and the CSC population in trastuzumab-resistant cells was abrogated upon inhibition of BCL-2. Hence, we conclude that ARTN is one mediator of acquired resistance to trastuzumab in HER2-positive mammary carcinoma cells.
The ERBB (HER) receptor tyrosine kinase family comprises four receptors: HER1 (also known as epidermal growth factor receptor (EGFR)), HER2 (ERBB2), HER3 (ERBB3), and HER4 (ERBB4) (1) . Variable homo-and/or heterodimerization among the members of this receptor family activates tyrosine kinase activity and downstream signaling pathways, leading to cell survival, proliferation, and tumor progression (2) . The HER2 protein possesses a number of unique characteristics compared with other members of the HER family. For example, HER2 is capable of ligand-independent dimerization and may remain constitutively activated. HER2 is also the preferred coreceptor for HER1 and HER4 (2) .
The HER2 gene is amplified in ϳ20 -25% of mammary carcinoma, and HER2 amplification is significantly correlated with an invasive phenotype, often associated with poorer clinical outcome (3) . Trastuzumab (Herceptin) is a humanized monoclonal antibody targeting the extracellular domain of HER2 and used for therapeutic purposes. It was approved by The United States Food and Drug Administration as an adjuvant therapy based on clinical trial data that demonstrated a significant prolongation of disease-free survival when trastuzumab was combined with chemotherapy in HER2-positive mammary carcinoma (4) . However, despite some clinical success, a significant fraction of HER2-positive mammary carcinoma demonstrates de novo or acquired resistance to trastuzumab (3) . Altered functions and/or mutations in PI3K/AKT/mTOR downstream signaling have been proposed to generate trastuzumab insensitivity (5) . Alternatively, inhibition of HER2 by trastuzumab may also result in the compensatory activation of alternative signaling pathways, such as the IGF-1R and HER3 signaling pathways, which promote resistance to trastuzumab (2) . Investigation of the mechanisms of acquired resistance to trastuzumab has identified a further complex interaction among various molecules including PI3K/AKT, PTEN, IGF-1R, MET, and VEGF among others (3, 6, 7) . Hence, it is desirable to further determine the detailed and varied molecular mechanisms of acquired resistance to trastuzumab in mammary carcinoma.
Artemin (ARTN) 4 is one member of the glial cell line-derived neurotrophic factor (GDNF) family of ligands, which includes three other members, namely GDNF, neurturin, and persephin. ARTN signals through a multicomponent receptor complex by forming a heterodimer with either GFR␣1 or GFR␣3, which subsequently activates RET receptor tyrosine kinase (8) . ARTN also mediates signaling through other receptor systems such as syndecan-3 (9, 10) . ARTN is expressed in a range of solid tumors and proposed to exert an oncogenic function including tumor growth, metastasis (11) , and de novo angiogenesis (12) . ARTN expression in mammary carcinoma is significantly associated with residual disease after chemotherapy, relapse, and death (13) . In addition, ARTN expression in endometrial carcinoma is significantly associated with higher tumor grade and invasiveness (14) . ARTN expression decreased sensitivity to paclitaxel in mammary carcinoma (15) , both paclitaxel and doxorubicin in endometrial carcinoma (14) , and decreased sensitivity to ionizing radiation in mammary carcinoma (15) . Furthermore, ARTN also functions to mediate acquired resistance to chemotherapeutics and ionizing radiation in mammary carcinoma by enhancing the cancer stem cell-like (CSC) population (15) . In addition, ARTN is an estrogen-inducible gene and mediates acquired antiestrogen (tamoxifen) resistance in mammary carcinoma. Depletion of ARTN partially restores tamoxifen sensitivity in ER ϩ tamoxifen-resistant cells (16) . Depletion of ARTN also reverses acquired chemo-and/or radio-resistance via depletion of CSC population in ER-mammary carcinoma (15) .
Acquired resistance to trastuzumab has been reported to be associated with increased CSC-like behavior in mammary carcinoma (3) and proposed to be responsible for disease relapse (5, 17, 18) . HER2-overexpressing cell lines possess a higher level of BCL-2 expression (19) , and increased BCL-2 expression has been reported to contribute to the development of trastuzumab resistance (20) . Previously, ARTN has also been demonstrated to regulate BCL-2 in mammary carcinoma (15, 16) and enhance the CSC population in a BCL-2-dependent manner. Independently, CSCs have also been reported to utilize BCL-2 for survival (21) . ARTN expression was reported to be significantly correlated with HER2/neu positivity in a cohort of mammary carci-noma patients (13) . Hence, ARTN may be a potential intermediary in the link between acquired resistance to trastuzumab and disease relapse in mammary carcinoma.
We herein demonstrate that ARTN is HER2-regulated in HER2-positive mammary carcinoma cells. We show that forced expression of ARTN decreased trastuzumab sensitivity and that ARTN mediated acquired resistance to trastuzumab in HER2-positive mammary carcinoma cells through regulation of CSC-like behavior. Depletion of ARTN restored trastuzumab sensitivity in cells with acquired resistance to trastuzumab. Inhibitors to ARTN may therefore be considered as potential adjuvant therapeutic candidates to enhance trastuzumab efficacy in HER2-positive mammary carcinoma.
EXPERIMENTAL PROCEDURES
Cell Culture-Cell lines used in this study were obtained from the ATCC (American Type Culture Collection) and cultured as recommended. To generate BT474 and SKBR3 cells with forced expression of ARTN, respective cells were stably transfected with pIRESneo3-ARTN plasmid (13) . pIRESneo3 plasmid was used to construct respective Vec control cells (13) . To generate BT474 and SKBR3 cells with depleted expression of ARTN, the respective cells were stably transfected with pSilencer-ARTN plasmid (13) . pSilencer-CK plasmid was used to construct respective siRNA control cells (CK-siRNA) (13) .
Generation of BT474 and SKBR3 trastuzumab-resistant cells (HR pools) has been described previously (22) . In brief, the cells were treated continuously with trastuzumab (5 g/ml in pool 1 and 10 g/ml in pool 2) until we observed significant trastuzumab resistance of trastuzumab-treated BT474 and SKBR3 cells by assessing cell viability after trastuzumab treatment for 6 days.
Reagents-Trastuzumab (Herceptin) was a gift from the pharmacy of National University Hospital (NUH), Singapore. Heregulin was purchased from Calbiochem. Epidermal growth factor (EGF), basic FGF, bovine insulin, and B27 were purchased from Invitrogen. The ALDEFLUOR assay kit was purchased from Stem Cell Technologies (Melbourne, Australia).
Quantitative PCR-qPCR was performed as described earlier (11) . ARTN primers used for qPCR were: forward, 5Ј-ATG-AACACTACAGTGGCTGAGG-3Ј and reverse, 5Ј-AGCTCC-CATGAGTGAGTACAGG-3Ј. BCL-2 primers used for qPCR were: forward, 5Ј-CGCCCTGTGGATGACTGAGT-3Ј and reverse, 5Ј-GGGCCAAACTGAGCAGAGTC-3Ј.
Immunoblotting-Western blot analysis was performed as described earlier (23) . Western blot analysis was performed using the following antibodies: goat ARTN polyclonal antibody (R&D Systems), rabbit HER2 polyclonal antibody (Santa Cruz Biotechnology sc-284), rabbit p-HER2 polyclonal antibody (Santa Cruz Biotechnology, sc-12352-R), mouse BCL-2 monoclonal antibody (Santa Cruz Biotechnology sc-509), and mouse ␤-actin monoclonal antibody (Sigma).
Cell Function Assays-MTT assay, Soft agar colony formation assay, and three-dimensional cell growth assays were performed as described previously (13) . Cell Counting Kit-8 (Dojindo, Japan) was used to quantify the three-dimensional Matrigel growth. The heterotypic cell adhesion assay was performed as described previously (11) . The ALDEFLUOR assay and mammosphere assays were performed as described previously (15) .
Tumor Xenograft in Nude Mice-All animal work was done in accordance with a protocol approved by the Institutional Animal Care and Ethics Committee of The University of Science and Technology of China. A 4 ϫ 10 6 sample of viable BT474-VEC and BT474-ARTN cells was injected subcutaneously into the flanks of 4-week-old female BALB/c nude mice (Shanghai Slaccas Co, Shanghai, China). Fifteen days after cell inoculation, mice were randomized to receive trastuzumab (10 mg/kg) or vehicle as control. Sizes of the tumors were measured every 4 days. Histological analysis with hematoxylin and eosin (H&E) and terminal transferase deoxyuridine triphosphate nick end labeling (TUNEL) immunostaining were performed as described previously (24) . Immunohistochemical analysis of paraffin-embedded specimens of tumors formed in mice was performed by using an UltraSensitive-SP kit (Maxin-Bio, Fuzhou, China) with a mouse polyclonal antibody against Ki67 (Zhongshan Goldenbridge Biotechnology Co., Beijing, China).
RNA Analysis-RNA was extracted by the TRIzol Plus RNA Purification system from 52 mammary carcinoma patients who underwent surgery at the First Affiliated Hospital of Anhui Medical University (Hefei, P. R. China) between 2009 and 2010. The histopathological diagnosis of the specimens was consistent with breast neoplasm and was in accordance with World Health Organization guidelines. The current protocol for use of tissue samples was approved by the Institutional Review Board, and written informed consent was obtained from each patient. SYBR Premix Ex Taq Kit (Takara) was used to determine the expression levels of ARTN, BCL-2, and HER2. The relative amount of gene transcripts was normalized to GAPDH.
Statistics-All numerical data are expressed as mean Ϯ S.D. Data were analyzed using an unpaired two-tailed t test or analysis of variance by GraphPad Prism 5. p Ͻ 0.05 was considered as statistically significant.
RESULTS

ARTN Expression Is Increased by Activation of HER2 with
EGF and Heregulin-ARTN expression was previously reported to be positively correlated with HER2 expression and indicative of survival outcomes in a cohort of mammary carcinoma patients (13) . To further determine a potential association between ARTN and HER2 mRNA expression in mammary carcinoma, we performed qPCR on a cohort of 52 mammary carcinoma patients to compare the relative expression of ARTN mRNA and HER2 mRNA. We divided the cohort into two groups according to the expression of HER2 (low and high expression). We observed that in the HER2 high group, ARTN expression was also significantly higher ( Fig. 1A ). Hence, HER2 mRNA expression in mammary carcinoma is significantly correlated with ARTN mRNA expression.
We next examined for regulation of ARTN by EGF or heregulin (HRG); ligands that increase HER2 activity in mammary carcinoma. EGF binds directly to EGFR which recognizes HER2 as co-receptor; all isoforms of HRG bind to HER3 and HER4 and recognize EGFR and HER2 as co-receptors (25, 26) . To validate herein that EGF and HRG increase activation of HER2, wild-type HER2 ϩ BT474 and SKBR3 cells were exposed to either EGF or HRG. Western blotting results demonstrated an increased phosphorylation of HER2 in both BT474 and SKBR3 cells upon EGF or HRG treatment ( Fig. 1B ). Treatment of BT474 or SKBR3 cells with EGF produced a dose-dependent graded increase of ARTN mRNA expression ( Fig. 1C ). EGF at 20 ng/ml produced the highest ARTN mRNA expression in both cell lines. Treatment of BT474 and SKBR3 cells with EGF (20 ng/ml) produced a time-dependent graded increase of ARTN mRNA expression ( Fig. 1D ). Seventy-two hours of EGF treatment produced the highest ARTN mRNA expression in both cell lines. As above, treatment with HRG in a dose-dependent manner produced a concordant graded increase in ARTN expression in both BT474 and SKBR3 cells ( Fig. 1E ). HRG at 100 ng/ml (BT474) and 50 ng/ml (SKBR3), respectively, resulted in the highest ARTN mRNA expression. Treatment of BT474 or SKBR3 cells with HRG (50 ng/ml) produced a time-dependent graded increase of ARTN mRNA expression ( Fig. 1F ). Seventytwo hours of HRG treatment produced the highest ARTN mRNA expression in both cell lines. Concordant with the mRNA expression, protein levels of ARTN were also increased upon treatment with either EGF or HRG ( Fig. 1G ) in BT474 and SKBR3 cells, respectively. Hence, expression of ARTN is increased by ligand-dependent activation of HER2 in mammary carcinoma.
ARTN Expression Is Decreased by Inhibition of HER2 with Trastuzumab-To demonstrate more directly that HER2 regulated ARTN expression, we utilized the humanized monoclonal antibody trastuzumab, which specifically inhibits HER2 (2). Inhibition of HER2 by trastuzumab resulted in decreased ARTN mRNA expression in both serum-replete and serum-free media in BT474 cells and in serum-free media in SKBR3 cells ( Fig. 2A) . Similarly, Western blotting data also demonstrated a significant decrease in ARTN protein expression after trastuzumab treatment in both BT474 and SKBR3 cells ( Fig. 2B ).
Forced Expression of ARTN Reduced the Sensitivity of Mammary Carcinoma Cells to Trastuzumab in Vitro-Trastuzumab
is used clinically to improve disease prognosis in HER2 ϩ metastatic mammary carcinoma (27, 28) . To determine the functional interactions of ARTN in response to trastuzumab treatment in mammary carcinoma, we first generated stable cell clones with forced expression of ARTN in BT474 and in SKBR3 cells (Fig. 3, A and B) . Forced expression of ARTN significantly decreased the relative sensitivity to trastuzumab as evidenced from monolayer proliferation, soft agar colony formation, and three-dimensional Matrigel growth of BT474 and SKBR3 cells ( Fig. 3 ). Treatment with trastuzumab reduced the basal capacity for monolayer proliferation, colony formation in soft agar, and three-dimensional Matrigel growth of BT474-Vec and SKBR3-Vec cells, whereas trastuzumab treatment of BT474 and SKBR3 cells with forced expression of ARTN exerted less significant inhibitory effects on colony formation in soft agar and three-dimensional Matrigel growth ( Fig. 3 ). Hence, ARTN decreased the sensitivity of mammary carcinoma cells to trastuzumab in vitro.
Depletion of Endogenous ARTN Increased the Sensitivity of Mammary Carcinoma Cells to Trastuzumab in Vitro-Next, we depleted endogenous ARTN from BT474 and SKBR3 cells with small interfering RNA (Fig. 3, A and B) and examined the effects of depletion of ARTN on cell behavior in response to trastuzumab treatment. Depleted expression of ARTN significantly increased sensitivity to trastuzumab as evidenced from monolayer proliferation, soft agar colony formation, and threedimensional Matrigel growth of BT474 and SKBR3 cells ( Fig. 4 ). Treatment with trastuzumab reduced the basal capacity for monolayer proliferation, colony formation in soft agar, and three-dimensional Matrigel growth of BT474-Vec and SKBR3-Vec cells, whereas trastuzumab treatment of BT474 and SKBR3 cells with depleted expression of ARTN exerted greater relative inhibitory effects on monolayer proliferation, colony formation in soft agar, and three-dimensional Matrigel growth ( Fig. 4) . Hence, the level of ARTN expression modulates trastuzumab sensitivity in mammary carcinoma cells.
Forced Expression of ARTN Reduces Trastuzumab Sensitivity of Mammary Carcinoma Cells in Vivo-We next injected BT474-Vec or BT474-ARTN cells subcutaneously into the flank of female nude mice. Two weeks after injection, both cell lines formed palpable and measurable tumors (ϳ100 mm 3 ) in the respective group of mice and were randomized to receive either trastuzumab or vehicle as control. At 6 weeks, the tumors formed by BT474-ARTN cells were larger than those formed by control BT474-Vec cells (Fig. 5A ). Treatment with trastuzumab decreased tumor growth in mice with tumors formed by BT474-Vec cells. In contrast, forced expression of ARTN reduced the relative efficacy of trastuzumab, producing a tumor growth rate comparable with that observed in BT474-Vec vehicle-treated control. Histological examination revealed distinct differences in the appearances of the BT474-Vec-and BT474-ARTN-derived tumor group, both with and without trastuzumab treatment (Fig. 5B ). The BT474-ARTN-derived tumors were predominantly disorganized in structure and infiltrating in nature compared with the BT474-Vec-derived tumor. In addition, trastuzumab treatment had minimal effects on tumor histology in mice with tumors formed by BT474-ARTN compared with the mice with tumors formed by BT549-Vec cells (Fig. 5B ). Ki67 and TUNEL assays were performed on the respective tumors sections to quantify proliferation and apoptosis within the tumor at the time of termination of the experiment. As reported similarly for non-HER2 cell lines (13) , forced expression of ARTN in BT474 cells generated tumors with increased proliferation and decreased apoptosis compared with the BT474-Vec cells. Trastuzumab reduced Ki67 positivity and increased apoptosis in tumors derived from BT474-Vec cells (Fig. 5 , C and D). However, BT474-ARTN-derived tumors treated with trastuzumab maintained cell proliferation and survival rates comparative with vehicle-treated tumors derived from BT474-Vec cells (Fig. 5, C and D) . Hence, ARTN reduced the relative sensitivity of mammary carcinoma cells to trastuzumab in vivo.
ARTN Mediates Acquired Resistance to Trastuzumab in Mammary Carcinoma Cells-To determine whether ARTN possesses a functional role in acquired resistance to trastuzumab, we developed two pools of trastuzumab-resistant mammary carcinoma cells from both BT474 and SKBR3 cells (pool 1, 5 g/ml; and pool 2, 10 g/ml) (as described under "Experimental Procedures"). Cell viability assays were performed to confirm the resistance to trastuzumab of these two resistant HER2 and ARTN mRNA expression was determined by qPCR in a cohort of 52 patients with mammary carcinoma. HER2 expression was divided into two groups (low and high) according to the level of expression. B, Western blot analysis. BT474 and SKBR3 cells were treated with either EGF (20 ng/ml) or HRG (50 ng/ml) for 15 min, and HER2, p-HER2 protein expression level was measured. ␤-Actin was used as input control. C, qPCR. BT474 and SKBR3 cells were treated with the indicated concentrations of EGF for 48 h, and ARTN mRNA expression level was measured. D, qPCR. BT474 and SKBR3 cells were treated with EGF (20 ng/ml), and ARTN mRNA expression level was measured at the indicated time points. E, qPCR. BT474 and SKBR3 cells were treated with the indicated concentrations of HRG for 72 h, and ARTN mRNA expression level was measured. F, qPCR. BT474 and SKBR3 cells were treated with HRG (50 ng/ml), and ARTN mRNA expression level was measured at the indicated time points. G, Western blot analysis. BT474 and SKBR3 cells were treated with either EGF (20 ng/ml) for 48 h or HRG (50 ng/ml), for 72 h and ARTN protein expression level was measured. ␤-Actin was used as input control.*, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001 relative to zero for each experiment. Error bars, S.D. pools of BT474 and SKBR3 cells, respectively (Fig. 6A) . We subsequently compared ARTN expression in both parental and resistant cell populations. mRNA expression of ARTN was increased in both pool 1 and pool 2 of trastuzumab-resistant BT474 cells and in pool 2-derived trastuzumab-resistant SKBR3 cells (Fig. 6B) . However, we observed increased ARTN protein expression in both pools of both BT474 and SKBR3 trastuzumab-resistant cells (Fig. 6C ). It has been reported previously that the mechanisms contributing to acquired resistance to trastuzumab are heterogeneous (3), and even the trastuzumab doses at which resistance is acquired can produce different cell phenotypes and transcriptome profiles (29) . We chose to use pool 2 from each of the cell lines because pool 2 from each of the lines consistently exhibited increased mRNA and protein for ARTN.
We therefore next depleted endogenous ARTN by siRNA in both trastuzumab-resistant (pool 2 only) and -sensitive cells of BT474 and SKBR3, respectively (Fig. 6, D and E) . Depletion of ARTN by siRNA significantly improved trastuzumab sensitivity assayed by growth in three-dimensional Matrigel growth, in both BT474 and SKBR3 trastuzumab-resistant cells compared with their respective control cells (Fig. 6F ). Depletion of ARTN by siRNA completely restored the response to trastuzumab in trastuzumab-resistant cells (Fig. 6F ). Hence, ARTN is functionally involved in acquired trastuzumab resistance.
ARTN Modulates the CSC-like Population in Trastuzumabresistant Mammary Carcinoma Cells-The pivotal role of enhanced CSC-like cell behavior in acquired resistance to trastuzumab has been reported previously (30) . Increased expression of HER2 and ARTN has also been observed in the mammospheric cell population of mammary carcinoma (15, 18) . To determine the role of ARTN in the CSC-like behavior of trastuzumab-resistant mammary carcinoma cells, ARTN was depleted by siRNA in BT474 and SKBR3 trastuzumab-resistant cells and the cells cultured under ultra low attachment conditions. Both BT474 and SKBR3 trastuzumab-resistant cells exhibited increased growth of mammospheres compared with the respective parental cells (Fig. 7A) , consistent with previous literature (29) . Conversely, depletion of ARTN by siRNA significantly decreased mammospheric growth in both BT474 and SKBR3 parental cells (Fig. 7A ). Furthermore, after depletion of ARTN by siRNA, trastuzumab-resistant cells also exhibited decreased mammospheric growth, indicative that ARTN may potentially be involved in promoting CSC-like behavior in trastuzumab-resistant cells.
ALDH1 positivity in mammary carcinoma cells has been reported to identify CSC-like cells (31) . Furthermore, increased expression of HER2 or ARTN has been reported to increase the ALDH1 ϩ cell population in mammary carcinoma cells (15, 18) .
To determine whether ARTN mediated the increase in the ALDH1 ϩ cell population in trastuzumab-resistant BT474 and SKBR3 cells, we performed the ALDEFLUOR assay in both BT474 and SKBR3 Hereceptin-resistant cells Ϯ siARTN. In accordance with the previous report (18) , trastuzumab-resistant BT474 and SKBR3 cells resulted an increased ALDH1 ϩ cell population compared with their respective parental cells (Fig.  7B ). Depletion of ARTN by siRNA decreased the basal ALDH1 ϩ cell population in both BT474 and SKBR3 parental cells. Furthermore, depletion of ARTN by siRNA in BT474 and SKBR3 trastuzumab-resistant cells completely abrogated the increased ALDH1 ϩ cell population due to trastuzumab resistance ( Fig. 7B ). Hence, ARTN mediates the increase in the ALDH1 ϩ cell population conferred by trastuzumab resistance.
The ARTN-dependent Increase in the CSC-like Population in Trastuzumab-resistant Mammary Carcinoma Cells Requires BCL-2-Previous reports have identified a functional role of BCL-2 in acquired resistance to trastuzumab in mammary carcinoma (20) . BCL-2 is also a direct target for ARTN and mediates ARTN reduction of tamoxifen sensitivity in ER ϩ mammary carcinoma cells (16) . Furthermore, BCL-2 has been demonstrated to possess a functional role in the CSC-like population in mammary carcinoma (15, 21) and including ARTN promotion of CSC-like behavior. To determine a potential association between BCL-2 and ARTN mRNA expression in both BT474 parental and trastuzumab-resistant cells, we performed qPCR analysis. Trastuzumab-resistant cells exhibited increased BCL-2 mRNA expression ( Fig. 8A) . siRNA-mediated depletion of ARTN in both parental and trastuzumab-resistant BT474 cells significantly decreased BCL-2 mRNA expression ( Fig. 8A ). Furthermore, BT474 parental and trastuzumab-resistant cells were grown in mammosphere culture in ultra low attachment plates. Mammospheric cells are enriched in mammary stemlike cells, capable of self-renewal and dedifferentiation (32) . Mammospheres were isolated, and mRNA expression of ARTN and BCL-2 was compared between BT474 parental and the trastuzumab-resistant cells grown in either monolayer or mammospheric culture. Consistent with the previously published data (15) , both ARTN and BCL-2 mRNA expression was significantly increased in the respective CSC-rich mammo-spheric cell population compared with their respective cells grown in monolayer. Trastuzumab-resistant BT474 cells grown in mammospheric culture exhibited the highest ARTN and BCL-2 mRNA expression ( Fig. 8, B and C) . Similarly, BT474-ARTN cells grown in mammospheric culture also exhibited the highest BCL-2 mRNA expression compared with the BT474-Vec-derived mammosphere and/or monolayer grown cells (Fig.  8D) . Consistent with the qPCR analysis, trastuzumab-resistant BT474 cells demonstrated increased BCL-2 protein expression, and siRNA-mediated depletion of ARTN significantly decreased BCL-2 protein expression ( Fig. 8E) .
To determine the functional role of BCL-2 in the ARTNmediated increased CSC-like population in trastuzumab-resistant mammary carcinoma cells, we employed the BCL-2 inhibitor YC137 to functionally inhibit BCL-2 in both parental and trastuzumab-resistant BT474 cells. Functional inhibition of BCL-2 by YC137 significantly inhibited three-dimensional Matrigel growth in the parental cells and the enhanced growth observed in the trastuzumab-resistant BT474 cells (Fig. 8F) In addition, the BCL-2 inhibitor also significantly reduced the ALDH1 ϩ cell population in parental cells and completely abrogated the enhanced ALDH1 ϩ cell population observed in trastuzumab-resistant BT474 cells (Fig. 8G ). Hence, BCL-2 is required for the ARTN-stimulated increase in the CSC-like population in trastuzumab-resistant mammary carcinoma cells.
ARTN Modulates Trastuzumab-resistant Mammary Carcinoma-derived CSC-like Cell Growth in Three-dimensional Matrigel-Previous reports have indicated that the CSC-like cell population is responsible for trastuzumab resistance and is related to disease progression (33) . To determine whether ARTN mediates the increased tumorigenicity of BT474 and SKBR3 trastuzumab-resistant cells, we examined the three-dimensional Matrigel growth of mammosphere-derived CSClike cells from both BT474 and SKBR3 mammospheric cells (which were derived from respective trastuzumab-resistant cells) Ϯ siARTN. As observed in Fig. 9, BT474 and SKBR3 trastuzumab-resistant CSC like-cells produced significantly more three-dimensional Matrigel colonies compared with the respective parental CSC-like population. Depletion of ARTN by siRNA not only resulted in less growth of three-dimensional Matrigel colonies of BT474 and SKBR3 parental CSC-like population, but also specifically decreased the growth of three-dimensional Matrigel colonies of BT474 and SKBR3 trastuzumab-resistant cells (Fig. 9A ). Hence, we conclude that ARTN partially mediates the enhanced three-dimensional Matrigel cell growth of the trastuzumab-resistant cell-derived CSC-like cells. FIGURE 6. ARTN possesses a functional role in acquired resistance of mammary carcinoma cells to trastuzumab. A, cell viability assay. BT474 and SKBR3 parental cells and two pools of trastuzumab-resistant cells (pool 1, resistant to 5 g/ml; and pool 2, resistant to 10 g/ml) were treated with the indicated concentrations of trastuzumab for 6 days in the presence of full serum-containing media, and cell viability was calculated by MTT assay. B, qPCR. BT474 and SKBR3 parental cells and two pools of trastuzumab-resistant cells (pool 1 and pool 2) were cultured in full media without trastuzumab for 48 h, and ARTN mRNA expression level was measured. C, Western blot analysis. BT474 and SKBR3 parental cells and two pools of trastuzumab-resistant cells (pool 1 and pool 2) were cultured in full media without trastuzumab for 48 h, and ARTN protein expression level was measured. ␤-Actin was used as input control. D, qPCR. BT474 HR pool 2 and SKBR3 HR pool 2 cells were transfected with siRNA to ARTN. Empty vector was used as control. ARTN mRNA expression is shown. E, Western blot. Protein expression was measured. ␤-Actin was used as input control. F, three-dimensional Matrigel growth. Trastuzumab-resistant BT474 and SKBR3 cells (pool 2) Ϯ siARTN were cultured in full media containing 4% Matrigel and treated with trastuzumab (10 g/ml). After 10 days, cell growth was detected using Cell Counting Kit-8. *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001. Error bars, S.D.
DISCUSSION
Herein, we have demonstrated that increased ARTN expression functionally contributed to acquired resistance to trastuzumab by promotion of the CSC-like cell population and CSClike behavior in mammary carcinoma cells. Similarly, we have demonstrated previously that increased expression of ARTN is observed in tamoxifen-resistant ER ϩ mammary carcinoma cells and depletion of ARTN by siRNA partially restored tamoxifen sensitivity (16) . Furthermore, increased ARTN expression has also been reported to be functionally associated with acquired resistance of ER Ϫ mammary carcinoma cells to paclitaxel and ionizing radiation and associated with ARTN promotion of the CSC phenotype (15) . Indeed, various reports have postulated that de novo or acquired resistance of mammary carcinoma to therapeutic interventions may be related to the capacity to enhance a CSC-like cell phenotype (2, 17) . HER2 expression has been similarly positively correlated with increased chemo-and radiotherapeutic acquired resistance in different carcinoma cell types and associated with an increased CSC-like cell phenotype (34, 35) . Both ARTN and HER2 have been previously demonstrated to increase the ALDH1 ϩ cell population (15, 18) . ALDH1 positivity in mammary carcinoma is considered to be a marker of mammary CSC-like cells (31) . In another recent report, HER2 has been observed to promote luminal-type mammary CSC in absence of HER2 amplification (36) . Furthermore, epithelial to mesenchymal transition of mammary carcinoma cells is associated with a CSC-like phenotype and is also associated with primary resistance to trastuzumab in mammary carcinoma (37) . HER2 activation has been reported to promote epithelial to mesenchymal through the Wnt/␤-catenin pathway activation in mammary carcinoma cells (38) . Furthermore, in the same study, Wnt activation was associated with increased TWIST1 expression and decreased E-cadherin expression. Interestingly, ARTN has also been demonstrated to promote epithelial to mesenchymal transition in ER Ϫ mammary carcinoma cells via increased expression of TWIST1 and decreased expression of E-cadherin (11) . Concordantly, high expressions of both ARTN and HER2 have been reported to be significantly associated with disease relapse and poor survival outcomes in subtypes of mammary carcinoma (2, 11) . Hence, ARTN may be one mediator of a common adaptive mechanism promoting resistance of mammary carcinoma cells to hostile environments given that ARTN has been demonstrated to promote acquired resistance to various therapeutic approaches by promotion of CSC-like cell population. ARTN may, in addition, also be a pivotal mediator of trastuzumab resistance in HER2 ϩ mammary carcinoma.
The mechanistic involvement of PI3K/AKT pathway activation in both acquired trastuzumab resistance by promotion of CSC-like population and in ARTN-mediated promotion of CSC-like population in mammary carcinoma has been previously demonstrated (12, 36) . ARTN utilized an AKT-TWIST1-BCL-2 signaling to increase the CSC-like cell population in ER Ϫ mammary carcinoma cells (15) . Similarly, HER2-stimulated increased expression of both TWIST1 and BCL-2 has been reported in mammary carcinoma cells (3, 19) . Consistently, trastuzumab has been reported to down-regulate BCL-2 in HER2-amplified mammary carcinoma cells (39) . Hence, ARTN could utilize TWIST1-dependent expression of BCL-2 to mediate acquired trastuzumab resistance by promotion of a CSClike cell population in mammary carcinoma. Given herein that we have demonstrated the requirement of BCL-2 in the ARTNmediated increase in the CSC-like population in trastuzumabresistant cells, we postulate that BCL-2 may act as an ARTNdependent potential downstream target in a wide a range of mammary carcinoma subtypes including HER2-dependent mammary carcinoma (20) . In this regard it is important to note that regardless of the prognostic value of BCL-2 expression (40 -42) , it is the interactions among the various BCL-2 family member proteins (e.g. BAK, BAX, BAD) that exert significant effects on BCL-2 function (43) . Furthermore, compensatory activation of parallel signaling pathways (e.g. EGFR, IGF-1R, MET, VEGF (3, 6, 7)) have been reported to circumvent trastuzumab sensitivity (6, 44, 45) . In this regard it is interesting that members of the GDNF family of ligands have been reported to bind to and/or activate MET and other receptors (46) in addition to the GFR␣ family. Furthermore, IGF-1 and GDNF have been demonstrated to possess synergistic activities in models of neurologic development and disease (47, 48) . Indeed, preliminary evidence from the laboratory suggests that ARTN is indeed IGF-1 regulated. 5 Hence, despite the independent iden-5 A. Yap, P. E. Lobie, and J. K. Perry, unpublished data. tification of multiple and different factors and signaling pathways involved in acquired HER-2 resistance (2), it is likely and plausible that they are functionally interrelated and/or synergistic. Given the regulation of ARTN by estrogen (16) EGF, HRG, and IGF-1, ARTN regulation of VEGF (12) and ER activity (16) , and as yet to be defined potential interactions with other molecules involved in trastuzumab resistance, it is possible that ARTN may be one common upstream mediator of resistance to HER-2 inhibition. That ARTN expression is increased in other examples of resistant cancer cell phenotypes (e.g. tamoxifen (16) , ionizing radiation (15) , paclitaxel (15)), and the increase in ARTN expression is functionally relevant, lends credence to this notion.
The HER2-enriched ER ϩ /HER2 ϩ luminal B subtype of mammary carcinoma responds to both ER and HER2 inhibition by tamoxifen and trastuzumab, respectively. However it has been demonstrated that ER ϩ /HER2 ϩ mammary carcinoma may acquire cross-resistance to either antiestrogens and/or HER2 inhibitors (49) . HER2 overexpression in ER ϩ mammary carcinoma cells results in down-regulation of ER␣ and subsequent resistance to tamoxifen (50 -52) . Conversely, inhibition of HER2 results in increased activation of ER␣-mediated transcription followed by acquired resistance against HER2-directed agents (49) . Hence, in ER ϩ /HER2 ϩ mammary carcinoma cells, combined inhibition of both ER and HER2 signaling is considered to be a more effective approach (49) . It is noted that ARTN is both E2-(16) and HER2-regulated, and increased expression of ARTN is functionally relevant in acquired resistance to both antiestrogens (16) and HER2 inhibition. Hence, inhibition of ARTN may obviate the development of acquired resistance to both antiestrogens and HER2 inhibitors in the luminal B subtype of mammary carcinoma.
